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ABSTRACT

We discuss the recently reported measurements of the properties of high energy
cosmic rays arriving from the direction of the compact binary X-ray source Cygnus
X-3. We argue that the source of these events may be a strange quark star, and
that the primary which directly produces them is a low baryon number neutral
hadron with multiple strangeness which is stable up to (at least) simultaneous

double strangeness changing weak decays.



Recently, the Soudan 1 underground proton decay detector has reported! obser-
vations of high energy muons from the direction of the compact binary X-ray source
Cygnus X-3 (2030 + 4047), with a distribution of arrival times apparently mod-
ulated with its 4.8 hour orbital period, P. Preliminary results from the NUSEX
detector,? as well as previously reported measurements from the Kiel air shower
array,’ tend to confirm these observations. The zenith angle dependence of the
Soudan events indicates that the muons are produced in air showers originating in
the upper atmosphere or the upper crust of the earth {1-10%m). Such muons must
have an energy at least .6 TeV to penetrate rock and reach the Soudan detector.
The data suggest that the initiating particle might be a neutral hadron, for reasons
which we shall soon discuss. In this paper, we shall assume that the experimen-
tal observations are correct and explore an unconventional hadronic source for the
muons. We suggest that the muons are produced by metastable neutral strange
dibaryons originating from the condensed star in Cygnus X-38, argue that for this
to be the case most probably the condensed star must be entirely composed of mat-
ter with large strangeness fraction, and describe how such a strange star might be
produced in a supernova explosion. Strange quark droplets, either arriving in large
baryon number globs* or producing a large neutrino flux at the star,® have been
considered previously as sources of the high energy muons. For reasons described

below, neither is satisfactory.

As several authors have already noted,® the observation that the absolute fiux
of muons at the Soudan detector, 7 x 101 em~2sec™?, is comparable to that of
air showers from Cygnus X-3 extrapolated into this energy range indicates that
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the initiating particle is unlikely to be either a photon or neutrino, if the photon or
neutrino caseade by conventional processes. The flux of muons is two to three orders
of magnitude too large to be produced by such air showers initiated by high energy
gamma rays. On the other hand, the overall neutrino and gamma ray fluxes from
Cygnus X-3 should be comparable at high energies, if they are both produced by
high energy hadronic interactions. If the air showers are assumed to be initiated by
photons, then the absolute neutrino flux at the Soudan detector should be below the
limit of detectability.® If the muons are produced by neutrino interactions, which
do not gererally produce air showers, the zenith angle distribution of produced
muons would differ from that observed. The inference, therefore, is that the most
likely candidate for the initiating particle is a hadron, and in order for interstellar
magnetic fields not to alter its direction relative to that of the source, the hadron

must be neutral. We shall refer to this particle here at the “cygnet”.

In order that the cygnet may arrive from Cygnus X-3 without a tremendous
reduction in flux due to decays, the cygnet must have a lifetime greater than ap-
proximately d/ye, where d ~ 12.5 kpc. [This lower limit might be violated by
perhaps as much as a factor of two and still allow for a reasonable flux of cygnets,
but much more reduction forces the production rate of cyngets at the source to be
unrealistically large.] The energy threshold for muons in the Soudan detector is
about .5 TeV, corresponding to cynget primary energy of 5 - 10 TeV, orto v ~ 5
- 10 TeV/m, with m the mass of the cynget. The NUSEX threshold is roughly 5 -
10 higher. In the Soudan detector, the pulses appear in an interval of ~ .3 units of
phase and in order that the dispersion in travel times not smear out the observed
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orbital modulation of the signal, 4 must be > (d/ 6Pc)1/? ~ 10*. For NUSEX, the
signal is in ~ .1 units of phase, and the corresponding limit on 7is ~ 2X 10%. If the
cygnet is long lived enough so decay in flight is not important, then these limits on
~ bound the cygnet mass to be below 1-2 GeV and the lifetime to be greater than ~
10 yr. I, on the other hand, the cygnet lifetime is short enough to affect the pulse
shape (slow cygnets, which would be out of time, decay in fight) then the cygnet
mass could be greater and the lifetime shorter by a factor of order unity. These
computations should also be corrected for the shape of the cosmic ray spectrum as
a function of energy, which could lower the limit on the cygnet lifetime by factors
of order unity. Careful observations of the pulse shape as a function of phase and of
the detector threshold energy can give detailed information about the cynget mass
and lifetime. For example, if cygnets are massive, they should be delayed relative
to the radio, X-ray, and high energy 4 signals. For a stable particle, the delay (i.e.,
width) of the signal is determined only by the energy threshold of the detector and
provides a measure of the mass of the cygnet.! If the cygnet is unstable, none will
arrive with energy below Eqyy, = md/cr, and the pulse shape will be independent

of threshold energy for low thresholds.

These considerations rule out the possibility that cygnets might be neutrons.
For a neutron to arrive without decaying in flight, it must have v > 10° corre-
sponding to a primary energy 10® TeV. The neutron flux would have to be about 6
orders of magnitude larger than the fiux expected for air shower initiating particles
of the same energy, if the integral spectrum goes as 1 /E. The flux of high energy
air showers from Cygnus X-3 has been studied for E > 10% TeV, and is consistent
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with an integral spectrum of 1/E.

Let us now tutn to the cygnet production mechanism. The observed 4.8 hr
period of Cygnus X-3 has been identified with the orbital period of a binary system,
thought to consist of a young pulsar and a ~ 4M, companion’ possibly surrounded
by a “cocoon” of diffuse matter. Vestrand and Eichler” have used these components
to generate short pulses of E > 1 TeV radiation assuming the magnetosphere of the
pulsar to be an efficient accelerator of charged particles® which then collide with the
atomosphere of the comparison star. These hadronic interactions provide a source
of high energy neutrinos and photons from = and K decays.®? It is tempting to
invoke this natural accelerator-target set-up of Cygnus X-3 to produce a flux of
exotic cygnets which then produce the observed air showers and muons on earth.
This mechanism fails because it requires too large a hadronic production cross
section for cygnets, .. The flux of neutrinos compared to the flux of cygnets

should scale like o4 /g, where o5 is the production cross section for pions

Ny, [N.~oxfo. . iy

On earth, this translates into the rate of of neutrino initiated muon events in an

IMB-type detector compared to the rate of air showers,

T{n) O
T (air showers) o

(2)

If the neutrino flux equalled the air shower flux it would produce 1 high energy
muon event per year per 400 m? in an IMB type detector.!° Since no flux of
high energy neutrino produced muons associated with Cygnus X-3 has been seen
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in IMBY!, it is safe to conclude oy Jo. < 10%. Such a production cross section for
a metastable -particle of mass of order 1 GeV is sufficiently large that it is difficult
to imagine that it would not have been detected in accelerator experiments. For
example, at least particle-antiparticle bound states should appear in the inclusive
photon decays of the 3 and T. It is, nevertheless, conceivable that such a neutral
hadron might be produced and not detected, but in the remainder of this paper,

we shall assume that this is not the case.

We propose instead that cygnets or rather their charged “parents” are already
present in the flux of particles accelerated away from its surface of the pulsar. Since
the time-modulated muon flux is comparable to that of electromagnetic showers, a
large fraction of the high energy beam particles emerging from the pulsar must be

pareuts of cygnets.

We picture then the cygnets origizating as components of charged hadrons and
being stripped by the interactions of such complexes with surrounding matter. The
correlation in phase of the modulated muon events with the eclipsing seen in the
X-ray {at phase ~ 0.7) suggests that the stripping occurs in the stellar atmosphere
of the companion, rather than in the cocoon. The stripping process is expected
to be similar to a high-energy nucleus-hadron collision (where the hadron is in the
atmosphere of the companion),which efficiently fragments the nuclens.?? A variety
of nuclear fragments should be produced by the stripping. After production, weak
single beta-decay processes and electromagnetic transitions should quickly return |
fragments to states which are stable or metastable. For example, if objects of zero
charge are produced, which are unsiable to single beta decay, the resulting charged
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particles will be produced quickly after stripping and bent in galactic magnetic
fields. They would not follow a straight line trajectory to earth. Cygnets must be
neutral and stable except for simultaneous multiple beta decays into states of the

same baryon number but different charge.

If the parents of cygnets are already present in the flux leaving the neutron
star then they must be present in some form in the neutron star itself or be created
by surface bombardment by counter-accelerated particles in the high energy beam.
The latter probably requires too large a production cross section to be consistent
with laboratory data. It has long been suggested that neutron stars could be largely
composed of strange quark matter.!® If this is true, it suggests a natural candidate
for the cygnet, namely the doubly strange dibyperon, H, first proposed in Reference
[14].

The H has the quantum numbers of two lambdas, and is a tightly bound 6-
quark state. Careful thec.>retical estimates of the mass of the H range from 2!® to
2.24'® GeV corresponding to binding energies of 230 to -10 MeV. The binding is
special to the flavor SU(3) singlet 6 quark state because its color-spin wavefunction
is the most symmetric possible, thereby maximizing the attractive QCD hyperfine
interaction. The binding is rather model independent, indeed the same state appears
in topological models of baryons in QCD.Y? ¥ myg < my, + m,, ther the particle
can only decay by doubly weak processes, and can have a lifetime in the requisite
range. Two reported observations of double hypernuclei in emulsion exposures
to negative hyperon beams might seem to rule out a tightly bound H since the
A's appear to undergo A — pr~ decays forbidden if My < M, + M, 1% The
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interpretation of these experiments is, however, controversial and the dynamics of
AA — H in a nucleus are not well-understood. A direct search for H production in
pp — K+ K+X did not have sufficient sensitivity.!® [When the acceptance bracketed
the threshold, continuum AA production was not seen.] We regard the existence of
a light dihyperon as an open issue. A recent proposal to look for it in £~d capture
(E-d — Hn) should be given high priority.?°

1t has been proposed that strange quark matter exists in the core of the star and
is somehow brought up to the surface.> We are unable to find any mechanism which
efficiently transports matter from the core to the surface by diffusion, convention, or
excavation. The other possibility, which we now explore, is that this exotic matter
exists stably up to the stellar surface.?! This scenario is based on the possibility
that strange quark matter is absolutely stable, i.e. the energy per baryon of quark
matter in equilibrinm with the weak interactions, with strangeness per baryon f,, is
less than that of ordinary nuclear matter. Ordinary nuclei cannot decay into strange
matter because conversion to stable quark matter would require a very high order
weak interaction,?'—22 with a lifetime far in excess of the age of the universe. If
strange matter is stable at all it is stable in bulk and for all baryon numbers above
some Amin.?? Apin cannot be too small lest light nuclei decay by first or second
order weak processes into strange matter. A strangelet (a droplet of strange matter
of nuclear dimensions) with A < Api, would decay by sequential first order weak

processes and by o particle and nucleon emission.
Strange matter must have positive electric charge on the quarks. Otherwise,
without a Coulomb barrier, a single strangelet would rapidly gobble up all ordinary
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matter with which it come in contact.?? For generic values of model parameters the
Coulomb ba,x.--rier of strange matter, while lower than that of ordinary matter, suffices
to prevent strangelets from absorbing ordinary nuclei at ordinary steller tempera-
tures. In particular, we have considered the effect that stable strange droplets might
have on the companion star in the Cygnus X-3 system. It is necessar& to take into
account the ~ 1 KeV temperatures in stellar cores and the droplet density depen-
dence of the droplet-proton interaction rate. If each strange droplet accelerated
from the neutron star produces a cygnet upon interaction with the companion and
these cygnets are entirely respounsible for the air shower flux, a droplet to proton ra-
tio as large as 10~® could be established in the companion’s core over the 10* year it
would take a system such as Cygnus X-3 to radiate a substantial fraction of a solar
mass. |This is probably a gross overestimate, since most of the strangelets which
arrive from the neutron star have small A and probably are unstable with weak in-
teraction lifetimes.] At this concentration, strangelets with Coulomb barriers below
~ 1.5 MeV would grow. It is unlikely that strangelets with so low a charge (~ 4 or
5) would be stable.?? but in any event the Coulomb barrier of strange matter grows
with A and saturates at ~ 5 - 15 MeV,?? high enough to prevent consumption of

the core.

In this scenario, the lowest energy configuration of the star would contain
strange matter out to its edge; the problem is to understand how the star could reach
this state. Let us first look at the high density core. In the cases discussed,?" 22 non-
strange quark matter becomes stable relative to nuclear matter at some sufficiently
high density, pcrit- If, in the formation of the neutron star during a supernova,
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the central density exceeded pcit, then the core would form quark matter over
strong interaciion time scales and later relax to finite strangeness fraction via first
order weak processes. These processes should be rapid (~ 10719 sec, or longer, for
strangeness-changing decays in dense matter) compared with deleptonization times
for the supernova core, and so the rate at which the initially degenerate neutrinos
leave the core determines the timescale for formation of a strange core. [Until
the neutrinos have left, the matter is diffuse and not at sufficiently high density to
rapidly form quark matter.]| On the other hand, if the mean baryon densities reached
are not above p..it, a strange quark region can still form through fluctuations in the
local density. Once formed, it would be absolutely stable and expand by converting
the neighboring normal matter — either quark matter or neutrons - to strange quark
matter. For example, if a neighboring neutron crosses the surface of the strange
region, it would disassemble into its component quarks; an up or down quark would
be converted to strange matter either by a direct semi-leptonic process or by purely
hadronic weak interactions. Eventually, the entire core would be turned into a
strange quark core. The conversion process releases an energy of order tens of MeV
per baryon; however, because the core after deleptonization is bound with ~ 100

MeV per baryor, the burning should not lead to explosive disassembly of the core.

After the core has been converted to strange quark matter, the strange matter
begins to eat its way outward. At the interface between the strange matter and
ordinary nuclear matter, ordinary matter is absorbed through the interface and
is converted to quark matter, provided the matter encountered is sufficiently neu-
tron rich, or if the temperature of the star remains sufficiently high that there are
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some particles in the nuclear matter with kinetic energies sufficient to overcome the
Coulomb barrier of strange matter. As the strange quark matter burns its way out-
ward, it may preheat the matter in front and generate enough particles with kinetic
energies above the Coulomb barrier to maintain burning. Our estimates indicate
that this is indeed possible.

Just inside the moving surface (“formation front”) which divides the quark
matter from the neutrons or nuclei, the quark matter must have finite strangeness
fraction since non-strange quark matter is not bound. Because strangeness changing
weak decays are relatively slow, non-strange quarks must diffuse away from the
formation front. The time it takes to achieve the required strangeness fraction at
the formation front limits the speed, V', at which it moves. If r is the time scale for

strangeness changing weak processes, then
X=Vr (3)

is the width of the region over which conversion to strange quark matter is accom-
plished. The chemical potential difference across the conversion region, equal to the
binding energy of strange quark matter, Ag, sustains the diffusion of non-strange
quarks away from the formation front. The problem is analogous to electrical con-

duction in a resistive medium. Taking the quarks to be relativistic (v, ~ 1),

A¢ _ Ap PV ”
X  Aly A

Ap is the change in momentum due to scattering, py is the Fermi momentum (~
300 MeV) and A is the quark interaction mean free path. The quark mean free path
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is much lorger than the typical particle separation (o) because of Pauli blocking.

Eliminating X in Eqgs. (3) and (4) we obtain

v B R g

Both d and s quarks participate in the drift. The problem is analogous to the
calculation of the transport coefficients in liquid He-3.2* The mean free path, is
proportional to 4 (ap)~!, where ¢ is the cross section, about 13 mb for quarks,
and p is the densitiy of matter from which the quarks may scatter. This matter is
composed of those quarks which are at the Fermi surface, and p ~ (T/u)},? where
y is the quark Fermi energy, g4 ~ py ~ 0.3. Using A9 ~ 1 fm, (corresponding to
baryon density (125 MeV)?), A¢ = 20 MeV and r ~ 107° sec, a typical time of

AS =1 weak process at this energy scale, we find that
V ~107% cm/sec (p/T) . (8)

If the temperature during the time the burning takes place ranges from 0.1 to
1.0 MeV, the drift velocity ranges from 10~2 — 10~ cm/sec, and the outer crust
of the star would be reached in a time of a month to a year. In this time, the
temperature would still be ~ 100 KeV’s, and there should be sufficiently large
numbers of particles with energies above the Coulombh barrier to penetrate the
interface between nuclear matter and quark matter. To see this, note that the
interface travels a fermi in a time ~ 10~!2 sec, compared to ~ 10724 sec for light.
A typical particle has ~ 10’2 chances to make it across the barrier, and even with
exponential suppressions due to Boltzmann factors, there should be sufficient flux to
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maintain burning. In addition to the beat from the supernova explosion, preheating
of the nuciea.f matter in front of the formation front should also help to maintain
burning. We estimate that diffusion of electrons takes place with sufficient speed
to precede the burning front, and to maintain a high enough temperature to that
there are particles which can penetrate the Coulomb barrier. We should also note
that as the burning front nears the surface, the typical particle separation in the
nuclear matter increases, and the burning front should move more rzidly through
this diffuse matter. As yet unstudied faster burning mechanisms such as detonation
may also be important.?® Although our naive estimates indicate that the star would
burn in a month to & year, much smaller times of perhaps hours to minutes might
be possible, and this problem deserves more careful study. After the star is born,
the cooling should proceed by the mechanism proposed by Iwamoto for the cooling

of neutron stars with quark interiors.?®

The structure of a strange quark star is remarkably different than that of an
ordinary neutron star. The surface of an ordinary neutron star consists of nuclei in
a Coulomb lattice, At greater depths, the nuclei become neutron rich and finally
merge into uniform nuclear matter. Perhaps the neutron star contains a quark
matter core. A strange quark star would have a sharp surface ~ 10® fermis thick,
corresponding to a halo of electrons which surround the matter, followed by strange
quark matter at a few time nuclear matter density. The matter is qualitatively
similar all the way to the core, with a central density of perhaps 10 - 20 times that

of nuclear matter.

It is essential for our scenario that quark matter be present all the way to
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the surface. If matter accreted gently onto the surface of the quark star from its
companion, ]t would cover the surface with a crust of ordinary matter. We must
assume this has not happened on Cygnus X-3. Since the accreting matter acquires
an energy ~ 100 MeV /nuclear from gravity and, if charged, is probably accelerated
to much larger energies in the electric fields surrounding the star, it would appear to
have enough energy to cross the Couloml; barrier at the surface. The heat generated

this way may suffice to burn what ordinary matter may have gently accreted.

Accreting matter, if sufficiently energetic, will eject material from the quark
star’s surface. The matter emitted would consist of strangelets of relatively low
baryon number (including H's) in addition to the expected mix of nucleons, hy-
perons, and mesons. Strangelets that are so light as to be unstable via strong
interaction processesrdecay rapidly away. Those that are stable and many which
decay weakly survive long enough to be accelerated outward, stripped in the at-
mosphere of the companion yielding nucleons, hyperons, and H's in addition to
high energy photons and neutrinos (from meson decay). The strangelets which de-
cay in flight from the surface ‘of the strange quark star might provide a source of
high energy neutrinos with a flux not constrained by the photon flux, and might
be measurable.® Stable strangelets which miss the companion seed the galaxy with
stable quark matter. Such matter, in the form of large baryon number globs, may
be the source of Centauros?”:2% and explain a number of cosmic ray anomalies.?®
In addition, the stable quark matter produced in this manner by Cygnus X-3 like
objects in the past would have seeded the solar nebula and led to a substantial ter-
restrial abundance of strange matter. To obtain a crude estimate of its abundance,
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we assume 1 - 10 Cygnus X-3 like objects active at any time in our galaxy. We sup-
pose that a Vfraction X of the 10~ M, [yr accreting onto Cygnus X-3 is converted
via the processes we have described into stable strangelets and are emitted. Over
10'° years, 10° — 10° X M,, of strange matter are spread through the galaxy giving
a fractional abundance by mass of 10~{7=8) X in population I stars such as the sun.
X is hard to estimate, but even as low a fraction as 10~1° would be detectable
using mass spectroscopy and X > 10—* — 10™% would be observable using heavy

ion activation methods.??

In order to relate the flux of cygnets to the flux of muons, the detailed properties
of cygnet-hadron interactions much be understood. If the cygnet is an X particle,
its interactions are similar to those of a proton with an energy equal to that of an
H. The cross section for H — p interactions is somewhere midway between that of a
proton and that of a deuteron. The fractional energy loss for the H, so long as the
H holds together should be roughly half that of a prdton, since the mass is twice
as large and the energy loss per collision should be about the same. After several
interactions, the H particle might fall apart into two A’s or protons and kaons. The
A’s and kaons are in the projectile fragmentation region, and should quick decay,
generating fast muons. Kaons have shorter lifetimes and larger mean free paths

than pions, and therefore, are more likely to product fast muons.

Estimates of the total lux of hadronic primaries necessary to produce muons at
the rate seen by Soudan are about a factor of twenty larger than the flux observed
in air showers extrapolated into this energy range. This presents a problem for our
scenario. Because the H particles may shower somewhat differently than a proton
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primary (yielding more muons), this discrepancy may not be so severe. Also, since
the flux fron; Cygnus X-3 may be variable, and the measurements were not made
at the same time, and since the air shower measurements are not at exactly the
same energy as the Soudan measurements, this discrepancy, which deserves more

study, may not be as severe as first estimated.

There is a puzzling feature of the NUSEX data which is not explained by
our proposal. The NUSEX detector sees the muon signal from a region many
degrees on a side around Cygnus X-3. We have no mechanism for dispersing H
particles over such a large angular range. This result seems difficult to explain by
any mechanism since the NUSEX experiment sees a wider angular dispersion than
Soudan, although it measures higher energy particles, so one would expect that the
dispersion at Soudan would be larger. For example, if there was production of a
new particle high in the atmosphere with high tranverse momentum, the spread at
Soudan should be larger by a factor of about 5 - 10 compared to NUSEX since the
energy of particles detected is lower by about this amount. Two plausible, although
unattractive, explanations for the increased angular broadening would be either
multiple muon scattering in the rock beyond that expected from multiple Coulomb
scattering Monte-Carlo computations, or an improper determination of the detector

orientation.

If as we have suggested, Cygnus X-3 is a strange quark star, the H particle as
well as possibly strange quark matter for larger values of A might be made in the
collisions of ultra-relativistic nuclei. In such collisions, matter at densities as large
as those found in neutron stars are produced in regions of large spatial volume,
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and in rare events stable or metastable strange quark matter fragments might be

formed.
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